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ABSTRACT

The National Ignition Facility has recently achieved the milestone of delivering over
1.8 MJ and 500 TW of 351 nm laser energy and power on target, which required average fluences up to 9 J/em® (3 ns
equivalent) in the final optics system. Commercial fused silica laser-grade UV optics typically have a maximum
operating threshold of 5 J/cm®. We have developed an optics recycling process which enables NIF to operate above the
laser damage initiation and growth thresholds. We previously reported a method to mitigate laser damage with laser
ablation of the damage site to leave benign cone shaped pits. We have since developed a production facility with four
mitigation systems capable of performing the mitigation protocols on full-sized (430 mm) optics in volume production.
We have successfully repaired over 700 NIF optics (unique serial numbers), some of which have been recycled as many
as 11 times. We describe the mitigation systems, the optics recycle loop process, and optics recycle production data.
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1. INTRODUCTION

The National Ignition Facility' (NIF) at Lawrence Livermore National Laboratory requires a large area of high quality
optics which can withstand repeated high energy laser shots. The system meets and exceeds its design specification of
1.8 MJ of total energy” delivered on target with a 3 ns pulse duration at 351 nm “30” wavelength and has been
successfully operated above 500 TW”. For 192 beamlines with 35 cm square apertures, the mean fluence is around 8
J/em® at the final fused-silica optics. Figure 1 compares the total beam area and mean fluence to other high energy
pulsed laser systems—NIF has about 7.5X more area and about 12X the mean fluence. The shaded area encompasses
the conditions for routine NIF laser shot operations. The NIF 3w energy specification of 1.8 MJ required an order of
magnitude increase in operating fluence over previous Inertial Confinement Fusion (ICF) lasers. The vertical band at 4
J/em? is the approximate damage growth threshold fluence, beyond which initiated laser damage grows with each shot.
Routine operations above the threshold require the ability to manage the resulting laser damage with either replacing,
refinishing, or repairing the optics. This paper discusses our demonstrated ability to mitigate (repair) laser damage on
NIF optics which allows NIF to operate above the damage threshold to repeatedly deliver 1.8MJ on target and therefore
meet its programmatic missions.

The NIF 1o laser at 1053nm operates well below the damage initiation and growth threshold and has proven itself to be
reliable even without optics exchanges. It is only the couple of optics downstream of the frequency conversion in the
Final Optics System that must withstand high fluences of 351 nm laser light (Figure 2). Both optics are made of
inclusion-free fused silica: the wedged focus lens (WFL) both focuses the beams onto the target and refracts
unconverted 1o and 2w light off target; the grating debris shields (GDS) protect the other final optics from target debris
and diffract 0.1% of the 3w light into an energy diagnostic system. Figure 3 shows two wedged focus lenses undergoing
final QA inspection. The optics are assembled in the kinematic mounting frames used in the NIF; the assembly is
referred to as a line replaceable unit (LRU).
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Figure 1. Routine NIF operations require operating at fluences well above the laser damage growth threshold.
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Figure 2. The wedged focus lens (WFL) and grating debris shield (GDS) optics are exposed to high fluence 3w light and are the key
Recycle Loop optics.



Figure 3. Wedged focus lenses assembled in optomechanical kinematic mounts undergoing final QA inspection

Several techniques have been investigated for using CO, lasers to mitigate, or repair, laser damage on fused silica
optics.*** Our preferred technique is the Rapid Ablation Mitigation (RAM) process described previously”. The RAM
process uses a CO, laser to remove damaged material as depicted in Figure 4. The pulsed CO, laser beam is focused to a
100 pm spot size and raster scanned across the damage site in a circular pattern to remove the damaged silica and leave
a clean and smooth cone-shaped pit. To prevent re-initiation of damage when the optic is re-installed on NIF, it is
critical that the cone be large enough and deep enough to remove all residual cracks and that the site be clean of ablation
debris re-deposited on the surface during the process. The shape of the cone must also be carefully controlled so that the
feature does not intensify the NIF beam and cause damage on downstream optical surfaces. For example, rims on the
perimeter of the cone are known to be particularly deleterious. We have developed several versions, or protocols, of the
RAM process to meet these requirements for damage sites of different size bins, each of which is tailored for either the

input or exit surface.
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Figure 4. The Rapid Ablation Mitigation (RAM) process uses a CO, laser to remove damaged material
2. SYSTEM DESCRIPTION

The optic mitigation stations are engineered systems which integrate several subsystems required to inspect the damage
sites and perform the mitigation process. Figure 5 shows a mitigation station with a grating debris shield optic mounted
vertically on an X-Y translation stage. Various instruments are mounted on individual Z stages on both sides of the
optic. On the forward table side of the optic are a non-contact profilometer used to measure the Z location of the optic
surface, the focus lens assembly of the CO, laser beamline, and an inspection microscope. On the reverse table side of



the GDS optic are a process microscope used to monitor the mitigation process and an illumination source for the
forward inspection microscope. The Optics Mitigation Facility contains four mitigation systems, each of which is
housed within a class 100 cleanroom to maintain the cleanliness of the optics.
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Figure S. A mitigation station with a grating debris shield optic mounted vertically on an X-Y translation stage

Mitigation: Concept of operations

1.

Load optic

The optic is loaded onto the X-Y stage carriage and rotated so that the exit surface faces the instruments on the
forward table. The optic is mounted in the same LRU kinematic frames as used to install it into the NIF
system. The LRU is transferred directly from a recycle loop transport case, which is used to cleanly and
securely transport and install optical LRUs without the need for manual handling of the LRU.

Locate surface with non-contact surface probe

The optic is translated in front of the non-contact surface probe which is used to measure the z-position of five
different locations of the optic. The data are used to fit the spatial position of the optical surface so that the
other instruments can be automatically focused. The surface fit is accurate to within about 20 um which is well
within the tolerance needed to keep the microscopes and mitigation laser focus lens in focus without operator
adjustment. The motion controllers are programmed so as the X-Y stage positions a damage site in front of an
instrument, the Z stage for that instrument automatically drives it to focus. The curved input face of the WFL
requires that the surface profile data be fit to the same aspheric equation as used to manufacture the lens.
Register X-Y coordinates to fiducials

The optics have a pattern of drawing-specified fiducial marks outside the aperture illuminated by the NIF
beams. The fiducial pattern is used as the reference for X-Y coordinates of individual damage sites which are
inspected on line with the Final Optics Damage Inspection (FODI) system. The inspection microscope is used
to locate the fiducial positions which allows calculation of the X-Y-@® translations needed to convert between
stage coordinates and FODI optics coordinates.

Microscopic Inspection of sites on hit list; make mitigation decision

The inspection microscope is used to inspect the locations which have been identified (by FODI or other
metrology) as having growing damage sites. The microscope is scanned through the bulk of the optic to the
opposite side to determine the full extent of the damage. The operator examines, sizes and centers the site, and
judges if damage mitigation is required. Inspection is performed for sites down to a size of 50 um, the
minimum size at which FODI can reliably resolve between growing and stable damage sites. Images of the
sites are captured.



5. Mitigate sites
After all sites have been inspected, the operator verifies that the mitigation laser system operates within
tolerance. The sites are automatically mitigated while the operator monitors the process with the lower
resolution process microscope on the reverse table looking through the back side of the optic. The laser control
system continuously monitors that the pulsed laser system operates within tolerance.

6. Post mitigation microscopy
The inspection microscope on the forward table is used to collect images of all the mitigated sites. The operator
examines the images to confirm that all remnant damage and cracks were removed. Images of the mitigated
sites are captured.

7. Flip optic
The optic is translated back to the loading position to allow the operator the rotate the optic so that the input
surface faces the forward table. Note that steps 2 through 6 are “hands-off” operations performed completely
with the operator in the control room. Isolation of the operator from the mitigation system improves the safety
of the operator from laser hazards and maintains the cleanliness of the optic.

8. Repeat steps 2-6
Steps 2 through 6 are repeated for the input surface of the optic. During inspection of the second surface,
scanning through the bulk of the optic is not required.

9. Unload optic
The optic is translated back to the loading position where it is unloaded back into a protective loop case.

The primary responsibility of the mitigation station operators is to analyze the microscopy images to categorize the
damage sites and use a rule set to select the specific mitigation protocol to be applied. Figure 6 shows the control
computer user interface with a damage site centered in the crosshairs. Operators are trained to discern among laser
damage, contamination and other flaws, the latter two of which do not benefit from mitigation. The operators can
classify the site into different classes and enter comments about unusual sites. If mitigation is required, the operators
select from among five different protocols which are summarized in Table 1. The protocols range in diameter from 360
to 2000 pm and in depth from 150 to 350 um. The largest protocol requires 5 minutes while the shortest, at only 15
seconds, is barely long enough to gather meaningful statistics on the laser operation. Table 1 also shows images of
typical damage sites mitigated with the protocols. Note the absence of a large diameter protocol for the input surface.
Downstream modulation of the NIF beam which damages the exit surface of the optic have hindered development of
larger input surface protocols.
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Figure 6. The user interface for microscopic damage site analysis and protocol selection




Protocol Protocol Maximum Optic Time to

name Diameter Damage Surface mitigate
Site Size
pm pm $00 pm min:sec

RAM1260 1260 349 exit 1:18

RAMS520 520 149 exit 0:15

RAM360 360 180 input 0:51

R —

RAM2000 2000 800 ‘ exit 5:00
L J
L]

RAME00 600 320 input 0:22

* Table 1. Five mitigation protocols are available, depending on damage site parameters
3. RESULTS

The Optics Mitigation Facility repaired its first wedged focus lens in August of 2009. Since then, the protocols,
procedures, hardware and software have been improved to increase the efficiency of the operation. In the autumn of
2012, the OMF used a 4-machine, 2-shift operation to support a 40 optic/week exchange rate, which allowed the NIF to
repeatedly provide 1.8 MJ system shots during the National Ignition Campaign. (Figure 7.) Optics can be rec ycled and
reinstalled on the NIF many times with no degradation in laser performance. Figure 8 is a histogram of the NIF WFL
and GDS populations as a function of how many times they have been recycled. One WFL has been recycled 11 times.
The remnant cones from the mitigation process represent such a tiny fraction of the area of these rather large optics that
even hundreds of cones on an optic are acceptable. Figure 9 is another histogram of the optic population as a function of
the number of mitigation cones. The optics with more than 400 mitigation sites have a total obscuration far below the
NIF specification of 1%.
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Figure 7. The Optics Mitigation Facility (OMF) consistently mitigated 40 optics/week using the Rapid Ablation Mitigation (RAM)
technique to support repeated 1.8 MJ NIF shot operations. The GDS and WFL optics types are shown in Figure 2.
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Figure 8. Optics have been recycled and mitigated as many as 11 timesthrough the Optics Mitigation Facility (OMF).
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Figure 9. Optics with hundreds of mitigation sites have a total obscuration far below the NIF specification of 1%
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Table 2 presents key statistics of the recycle production loop. The most important statistic is that 98% of the damage
sites fit within our mitigation ruleset and can be repaired. Since we do not re-install any optic with 3 or more
unrepairable sites, the recycle yields are a strong function of the fraction of sites which are mitigable. For example, if
only half the sites were mitigable the optics mitigation facility would serve no practical purpose. However, with the
98% site mitigability, the recycle yields for the wedged focus lens and grating debris shields are 93% and 85%,
respectively. Another key statistic is the re-initiation rate repaired sites: of mitigated sites, fewer than one out of a
thousand will damage again after reinstallation on the NIF. Once again, this value must be near perfect for the recycle
loop to function. As of September 2013, nearly 3000 optics have been recycled into the NIF.

Table 2. Mitigation Statistics: show that nearly all damage sites are mitigable, and repaired sites almost never re-initiate

Fraction of damage sites that are mitigable 98%
Yield for wedged focus lens 93%
Yield for grating debris shield 85%
Re-initiation rate <0.1%

Total optics recycled (as of Sept. 2013) 2867



4. CONCLUSIONS

1. Recycling of optics with mitigation of laser damage on NIF optics in volume production enables NIF to
operate the 3 optics above the laser damage threshold and perform sustained high energy shot operations.

2. We have recycled nearly 3000 wedged focus lenses and grating debris shields to support NIF shot operations.

3. Two years of process improvements have resulted in an efficient, high yield, sustainable optics recycle loop.

For future work, we are developing methods to mitigate laser damage on mirrors and the KDP frequency conversion
crystal optics.

AKNOWLEDGEMENTS

The authors would like to acknowledge all those who helped build the optics mitigation facility and processes:

Physics and Optical Engineering: Bruce Woods, Balbir Bhachu, Isaac Bass, Gabe Guss, Mechanical Engineering: Keith
Carlisle, Bill Edwards, Rick Thigpen, Bill Funkhouser, Ron Bettencourt, Electrical Engineering: Dave Hopkins, Timm
Wulff, Jeft Wilburn, Mercedes Dickerson, Cynthia Joyce-Rock, Eric Imhoff, Khoi Diep, Controls Software: Randy
Shelton, Bill Behrendt, Steve Telford, Timm Wulff, Haiyan Zhang, Everett Utterback, James Nissen, Hardware
Production and Assembly: Tony Newhouse, Matt Kusske, Mike Borden, Greg Rogowski, OMF Facility , John Davis,
Eva Clark, Dana Spence, Optics Production: Sue Frieders, Paul Rocha, Nathan Parks, Tansy Mitchell.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344. LLNL-PROC-646553

REFERENCES

1.  G. H. Miller, E. I. Moses, and C. R. Wuest, "The National Ignition Facility," Opt. Eng. 43, 2841-2853 (2004).

2. C. A. Haynam, P. J. Wegner, J. M. Auerbach, M. W. Bowers, S. N. Dixit, G. V. Erbert, G. M. Heestand, M. A. Henesian, M. R.
Hermann, K. S. Jancaitis, K. R. Manes, C. D. Marshall, N. C. Mehta, J. Menapace, E. Moses, J. R. Murray, M. C. Nostrand, C.
D. Orth, R. Patterson, R. A. Sacks, M. J. Shaw, M. Spaeth, S. B. Sutton, W. H. Williams, C. C. Widmayer, R. K. White, S. T.
Yang, and B. M. Van Wonterghem, “National Ignition Facility laser performance status,” Appl. Opt. 46, 3276-3303 (2007).

3. J. L.Kline, et al., “Hohlraum Energetics Scaling to 520 TW on the National Ignition Facility”, Phys. Plasmas 20, 056314 (2013).
L.W. Hrubesh, M.A. Norton, W.A. Molander, E.E. Donohue, S.M. Maricle, B.M. Penetrante, R.M. Brusasco, W. Grundler,

J.A. Butler, J.W. Carr, R.M. Hill, L.J. Summers, M.D. Feit, A. Rubenchik, M.H. Key, P.J. Wegner, A.K. Burnham, L.A. Hackel,
M.R. Kozlowski, “Methods for mitigating surface damage growth on NIF final optics,” Proc. SPIE 4679 (2002) 23-33.

5. R.M. Brusasco, B.M. Penetrante, J.A. Butler, L.W. Hrubesh, “Localized CO, laser treatment for mitigation of 351 nm damage
growth on fused silica,” Proc. SPIE 4679 (2002) 40-47.

6. AK. Bumham, L. Hackel, P. Wegner, T. Parham, L. Hrubesh, B. Penetrante, P. Whitman, S. Demos, J. Menapace, M. Runkel, M. Fluss,
M. Feit, M. Key, T. Biesiada, “Improving 351-nm damage performance of large-aperture fused silica and DKDP optics,” Proc. SPIE 4679
(2002) 173-185.

7.  E.Mendez, KM. Nowak, H.J. Baker, F.J. Villarreal, D.R. Hall, “Localized CO, laser damage repair of fused silica optics,” Appl. Opt. 45
(2006) 5358-5367.

8. G.Guss, L. Bass, V. Draggoo, R. Hackel, S. Payne, M. Lancaster, P. Mak, “Mitigation of growth of laser initiated surface damage in fused
silica using a 4.6-um wavelength laser,” Proc. SPIE, 6403-0M (2007).

9. S.T. Yang, M.J. Matthews, S. Elhadj, D. Cooke, G.M. Guss, V.G. Draggoo, P.J. Wegner, “Comparing the use of mid-infrared versus far-
infrared lasers for mitigating damage growth on fused silica,” Appl. Opt. 49 (2010) 2606-2616.

10. P. Bouchut, L. Delrive, D. Decruppe, P. Garrec, “Local re-fusion of silica, by a continuous CO, laser, for the mitigation of laser damage
growth,” Proc. SPIE 5252 (2004) 122-130518.

11. LL. Bass, G.M. Guss, M.J. Nostrand, P.J. Wegner, “An Improved method of mitigating laser induced surface damage growth in fused silica
using a rastered, pulsed CO, laser,” Proc. SPIE 7842 (2010).

12. LL. Bass, V.G. Draggoo, G.M. Guss, R.P. Hackel, M.A. Norton, ‘“Mitigation of laser damage growth in fused silica NIF optics with a
galvanometer scanned CO, laser,” Proc. SPIE 6261 (2006).

13. LL.Bass, G.M. Guss, R.P. Hackel, “Mitigation of laser damage growth in fused silica with a galvanometer scanned CO, laser,” Proc. SPIE
5991-0C (2005).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J.J. Adams, M. Bolourchi, J.D. Bude, G.M. Guss, M.J. Matthews, M.C. Nostrand, “Results of applying a non-evaporative mitigation
technique to laser-initiated surface damage on fused-silica,” Proc. SPIE 7842-23 (2010).

S.T. Yang, M.J. Matthews, S. Elhadj, V.G. Draggoo, S.E. Bisson, “Thermal transport in CO, laser irradiated fused silica: in situ
measurements and analysis,” J. Appl. Phys. 106 (2009) 1031061-1031067.

S. Elhadj, M.J. Matthews, S.T. Yang, D.J. Cooke, J.S. Stolken, R M. Vignes, V.G. Draggoo, S.E. Bisson, “Determination of the intrinsic
temperature dependent thermal conductivity from analysis of surface temperature of laser irradiated materials,” Appl. Phys. Lett. 96 (2010)
071110.

R.N. Raman, M.J. Matthews, J.J. Adams, S.G. Demos, “Monitoring annealing via CO, laser heating of defect populations on fused silica
surfaces using photoluminescence microscopy,” Opt. Express 18 (2010) 15207-15215.

M.J. Matthews, J.S. Stolken, R.M. Vignes, M.A. Norton, S. Yang, J.D. Cooke, G.M. Guss, JJ. Adams, “Residual stress and damage-
induced critical fracture on CO, laser treated fused silica,” Proc. SPIE 7504 (2009).

M.J. Matthews, LL. Bass, G.M. Guss, C.C. Widmayer, F.L. Ravizza, “Downstream intensification effects associated with CO, laser
mitigation of fused silica,” Proc. SPIE 6720 (2007).

R.M. Vignes, T.F. Soules, J.S. Stolken, R.R. Settgast, S. Elhadj, M.J. Matthews, ‘“Thermomechanical modeling of laser-induced structural
relaxation and deformation of glass: volume changes in fused silica at high temperatures,” J. Am. Ceram. Soc. 96 (2013) 137-145.

M.J. Matthews, R.M. Vignes, D. Cooke, S.T. Yang, J.S. Stolken, “Analysis of microstructural relaxation phenomena in laser-modified
fused silica using confocal Raman microscopy,” Opt. Lett. 35 (2010) 1311-1313.

N. Shen, M.J. Matthews, J.E. Fair, J.A. Britten, H.T. Nguyen, D. Cooke, S. Elhadj, S.T. Yang, “Laser smoothing of sub-micron grooves in
hydroxyl-rich fused silica,” Appl. Surf. Sci. 256 (2010) 4031-4037.

S. Elhadj, M.J. Matthews, S.T. Yang, D.J. Cooke, “Evaporation kinetics of laser heated silica in reactive and inert gases based on near-
equilibrium dynamics,” Opt. Express 20 (2012)1575-1587.

M.J. Matthews, LL. Bass, G.M. Guss, C.C. Widmayer, F.L. Ravizza, “Downstream intensification effects associated with CO, laser
mitigation of fused silica,” Proc. SPIE 6720 (2007).

I. L. Bass, G. M. Guss, M. J. Nostrand, P. L. Wegner, “An Improved Method of Mitigating Laser Induced Surface Damage
Growth in Fused Silica Using a Rastered, Pulsed CO, Laser”, Proceedings of SPIE Vol. 7842, (2010).



